Mammalian spermatozoa acquire fertilizing potential as they undergo a series of changes during epididymal transit. One major facet of such is the alterations in the sperm glycome. Modifications of the sialic acid content within glycan moieties are known to regulate epitope presentation and cellular adhesion and signaling, all of which may be critical for sperm to successfully reach and fertilize the egg. To date, there is paucity of information regarding the sialic acid changes that occur on spermatozoa during epididymal transit. Therefore, the aim of this study was to identify N-linked sialylated glycoproteins in rat epididymal sperm and investigate whether they are regulated during epididymal transit. Sialylated glycopeptides from caput, corpus, and cauda spermatozoa were enriched using titanium dioxide beads. Bound N-linked glycopeptides were released by enzymatic deglycosylation using PNGase F and then analyzed by liquid chromatography tandem-mass spectrometry. A total of 92 unique N-linked sialylated glycopeptides were identified from 65 different proteins. These included members of the disintegrin and metalloproteinase domain-containing protein family (ADAM), Basigin, and Testis-expressed protein 101 (TEX101). Remarkably, label-free quantification showed that more than half of these peptides (48/92) were regulated during epididymal transit. Of interest, the protein TEX101 exhibited PNGase F-resistant deglycosylation under the conditions used in this study. The results from this study showed that changes in the N-linked sialoglycoprotein profile is a major hallmark of sperm maturation in rats.
INTRODUCTION
Glycosylation is one of the most common and important posttranslational modifications of proteins, in which oligosaccharide chains are covalently linked at either Serine/Threonine residues (O-linked) or Asparagine residues (N-linked). In the case of N-linked glycoproteins, the presence of a canonical peptide sequence (NXS/T, where X can be any amino acid except Proline) is essential for this type of glycosidic attachment to occur. Studies involving mutations, which prevent the formation of specific glycoconjugates, have shown how diverse the roles of N-glycosylation can be [1, 2] . In this context, the carbohydrate composition is considered an important feature, determining the influence of glycosylation on proteins. For example, the presence of sialic acid (Sia), a negatively charged nine-carbon monosaccharide usually located at the end of glycan structures, is known to interfere with the physiochemical properties of proteins as well as to participate in the masking of cell-surface antigens or in specific recognition sites [3] .
During migration from the proximal to the distal portion of the epididymis, sperm cells undergo a series of molecular and biochemical changes that are essential for the production of a functionally gamete [4, 5] . Notably, as spermatozoa transit through the epididymis, changes in sperm glycome have been demonstrated to occur by means of proteolytic processing [6, 7] , shedding [8] , or incorporation [9] of glycoproteins as well as by the rearrangement of the glycan moieties [10, 11] . The latter is likely to be a result of glycan-modifying enzymes (glycosyltransferases and glycohydrolases) mainly present in the luminal fluid of the epididymis, with a remnant located at the surface of spermatozoa [12, 13] .
Comparison of either rabbit [14] , ram [15] , chimpanzee [16] , or boar [17] spermatozoa has demonstrated an overall increase in their surface negative charge during epididymal transit. This observation has been suggested to be a result of an increase in the Sia content of spermatozoa. In agreement with this, the use of the lectin wheat germ agglutinin (WGA), which selectively binds to N-acetylglucosamine (GlcNAc) and Sia residues, shows an increase in labeling intensity of more mature epididymal spermatozoa [18] [19] [20] [21] . In addition, treatment of mature sperm cells with neuraminidase to remove terminal Sia residues reduces WGA labeling in ram and human sperm [18, 22] . Thus, although sialyltransferase activity was found to be higher in the caput region of rat epididymis when compared to the cauda region [12, 23] , clearly sialyation itself becomes accumulative during sperm transit.
Studies with murine, macaque, and chicken spermatozoa, in which surface Sia was removed by neuraminidase, have demonstrated the importance of this negative sugar for sperm to bypass the cervical mucus [9] , colonize chicken sperm reservoirs [24] , prevent phagocytosis by macrophages [25] , protect surface epitopes from anti-sperm antibodies [26] , and attach to oviductal epithelial cells [27] . Additionally, terminal Sia residues have been implicated in the protection of receptor(s) that are essential for oocyte binding. Consistent with this, human spermatozoa subjected to desialylation exhibit higher zona pellucida binding when compared to untreated samples [22] . Likewise, the addition of neuraminidase inhibitors during capacitation decreases the ability of mouse spermatozoa to bind to homologous zona pellucida [28] .
Despite these findings, there is a lack of studies to identify maturation-related changes in the sialome of mammalian sperm. In this regard, a proteomic approach based on mass spectrometry (MS) is a valuable tool, allowing a large-scale analysis of the glycosylated proteins. However, due to the complexity and heterogeneity of glycans and the relatively low abundance of glycopeptides [29] , techniques for the enrichment of these peptides are required before performing a MS analysis. Therefore, in the present study, titanium dioxide (TiO 2 ) was used to enrich for Sia-containing glycopeptides followed by liquid chromatography tandem-mass spectrometry (LC-MS/ MS) for their identification. Using this approach, sialylated Nglycoproteins present in rat spermatozoa from caput, corpus, and cauda epididymis were successfully identified and the glycosylation sites annotated. In addition, we performed a label-free quantification to investigate the regulation of these N-glycoproteins during epididymal transit in rats.
MATERIALS AND METHODS

Materials
Unless otherwise stated, chemicals were purchased from Sigma-Aldrich at the highest research grade available. Antarctic phosphatase and Peptide-NGlycosidase F (PNGase F) were purchased from New England Biolabs. Trifluoroacetic acid (TFA), acetonitrile (ACN), and glycolic acid were from Fluka. D-Glucose was obtained from Australian Scientific. The bicinchoninic assay kit was from Quantum Scientific. Precast 4%-20% SDS gels were from NuSep Ltd. Percoll was supplied by GE Healthcare. HEPES was from Invitrogen Australia. Hams F10 was from MP Biomedical. Sequencing-grade trypsin was supplied by Promega. Protease inhibitor tablets Complete Mini was purchase from Roche Life Science. Chloroform was purchased from Fronine at the highest purity available. Glycine and Tris were from AMRESCO Life Science Research. The TiO 2 was collected from a disassembled column.
Recovery of Spermatozoa
Animal use was approved by institutional and New South Wales State Government ethics committees. Adult Wistar rats (;8 to 10 wk old) were asphyxiated, perfused intracardially, and the epididymides were removed. Sperm cells were retrieved from the caudal region of the epididymides by retrograde flushing [30, 31] . After dispersion in 0.3% bovine serum albumin (BSA) Biggers-Whitten-Whittingham (BWW) media [32] for 10-15 min at 378C, caudal sperm cells were washed three times (400 3 g, 3 min) using BWW media without BSA to remove residual epididymal fluid. Caput and corpus regions of the epididymides were finely sliced using a surgical-grade scalpel, and sperm cells were gently teased out into 0.3% BSA BWW media. Spermatozoa were submitted to Percoll density separation (30%) to eliminate epithelial cell contamination [33] and then washed three times (400 3 g, 3 min) with BWW media without BSA.
Sperm Protein Extraction and Preparation
Sperm pellets were resuspended in a lysis buffer consisting of 1% (w/v) C7BzO (3-[4-heptyl] phenyl-3-hydroxypropyl)dimethylammoniopropanesulfonate), 7 M urea, 2 M thiourea, and 40 mM Tris (pH 10.4) at a final concentration of 2.5 3 10 6 /100 ll. Samples were incubated for 1 h at 48C with constant rotation and the supernatant recovered after centrifugation (18 000 3 g, 15 min, 48C). Protein quantification was performed using a two-dimensional quantification kit (G.E. Healthcare) following the manufacturer's protocol. A total of 500 lg of protein for each sample was reduced and then alkylated using 10 mM dithiothreitol (DTT) and 45 mM iodoacetamide, respectively, with a 30 min incubation period at 308C for each step. Protein was precipitated using methanol and chloroform [34] , and the pellet was resuspended with trypsin in a buffer containing 25 mM ammonium bicarbonate and 1 M urea at a 1:50 trypsin to protein ratio and then incubated overnight at 378C with constant agitation. Proteases were inactivated using bath sonication, and peptide samples were treated with alkaline phosphatase (20 U) at 308C for 2 h with constant shaking.
Sialoglycopeptide Enrichment
Enrichment of glycopeptides containing terminal Sia was performed as previously described with slight modifications [35] . Peptide samples were dried to ;100 ll in a vacuum concentrator, diluted with 1 ml of loading buffer-1 M glycolic acid, 80% (v/v) ACN, 5% (v/v) TFA-and then applied to TiO 2 beads (2 mg) pre-equilibrated in 80% ACN. After a 1 h incubation period at room temperature with constant rotation, TiO 2 beads were washed twice with loading buffer, twice with washing buffer 1 (80% [v/v] ACN, 1% [v/v] TFA), and once with washing buffer 2 (20% [v/v] ACN, 0.1% [v/v] TFA). Beads were dried by vacuum centrifugation for 5 min. Bound dephosphorylated sialoglycopeptides were then released from the beads by enzymatic deglycosylation treatment. In brief, dried TiO 2 beads were resuspended in 40 ll of 50 mM ammonium bicarbonate, and 1 ll of PNGase F was added. After incubation for 3 h at 378C with constant agitation, deglycosylated peptides were recovered in the supernatant (17 000 3 g, 5 min), and TiO 2 beads were washed once with 50 mM ammonium bicarbonate to enhance peptide recovery. Deglycosylated peptides were then dried in a SpeedVac and resuspended in 0.1% (v/v) TFA.
Lectin Affinity Purification
Rat sperm lysates were obtained as described above. Approximately 50 ll of a 50% slurry of either WGA or Sambubus nigra (SNA) lectin was washed three times in 0.5 M NaCl, 20 mM Hepes, 1 mM CaCl 2 , 1 mM MgCl 2 , then added to 100 lg of sperm lysates. The mixture was left to incubate at 48C for 1 h, after which the lectin beads were pelleted (400 3 g, 1 min) and the supernatant removed. The beads were resuspended and subsequently washed in the same washing buffer. Elution of the protein was specific to the lectin. For WGA, we used 0.5 M GlcNAc, whereas for SNA, we used 0.1 M lactose in Tris-buffered saline followed by 0.1 M lactose in 0.2 M HCl.
Mass Spectrometry
The resuspended peptides were loaded on LC-MS and run essentially as described previously [36] .
Bioinformatics
Acquired collision-induced dissociation spectra were processed in DataAnalysis 4.0; deconvoluted spectra were further analyzed with BioTools 3.2 software and submitted to Mascot database search (Mascot 2.2.04, Swissprot database: 546 439 sequences; 194 445 396 residues, release date 19/20/14). The species was set at Rattus, parent peptide mass tolerance 6 0.7 Da, fragment mass tolerance 6 1.2 Da, and enzyme specificity trypsin with two missed cleavages. The following variable modifications have been used: phosphorylation, carbamidomethylation, deamidation, and oxidation. To identify N-linked glycosylation sites, a deamidated Asparagine residue had to be flanked by the glycosylation consensus motif (NXS/T, where X is any amino acid besides Proline) that was manually validated. Peptides that were assigned a deamidation event based solely on the MS data (i.e., no y-or b-fragment ion for a particular deamidated Asparagine residue could be detected) were presumed to be glycosylated only if a canonical N-glycan motif was present.
The derived MS datasets on the three-dimensional trap system were combined into protein compilations using the ProteinExtractor functionality of Proteinscape 2.1.0 573 (Bruker Daltonics), which conserved the individual peptides and their scores while combining them to identify proteins with much higher significance than achievable using individual searches. In order to exclude false-positive identifications, peptides with Mascot scores below 40 were rejected. Peptides with a mascot score above 40 were initially accepted but then manually validated in BioTools (Bruker Daltonics) on a residue-byresidue basis using the raw data to ensure accuracy. In brief, the ion series were inspected to ensure that the peaks being selected were not simply baseline, the accuracy between the residues was less than 0.15 Da, and, preferentially, an overlapping ion series was found.
Peptide Quantification and Statistical Analysis
MS-based label-free quantification of the N-glycopeptides identified was performed using the software Data Analysis 4.1 (Bruker Daltonics). Peptides were matched based on charge state, m/z value, and elution time. The match was confirmed by visual localization of the peptide on the survey view and by manual comparison of the MS/MS spectra if available. Relative peptide quantification was carried out by integrating the area of the extracted ion chromatograms of the monoisotopic peak from the MS spectra. Detection parameters were set at 99% sensitivity, intensity threshold of 10%, and minimum peak valley of 10%. The area under the monoisotopic peak (6 0.2 m/ z) was recorded for each peptide. Peaks below the signal-to-noise ratio of 4 were assigned as having an area equal to zero. Overlapping peptides were not considered. Isotopic peaks other than the monoisotopic one were used for the same peptide in all runs when the area of the latter could not be accurately calculated. If oxidation of the peptide was additionally detected (often introduced during sample preparation), the integrated peptide intensity of both the oxidized and nonoxidized forms of the peptide were summed. Normalization of the data was achieved by using the average area of five VILLAVERDE ET AL. different peptides visually selected based on the quality and constant intensity of the MS spectra among the samples. The data obtained for the three regions of the epididymis (caput vs. corpus vs. cauda) from four animals were compared using Student t-test. P-values , 0.05 were considered as significant.
Enzymatic Deglycosylation of Proteins and Immunoblotting
Sperm cells from the caput, corpus, and caudal regions of the epididymis were lysed in 20 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and 25 mM Tris buffer (pH 7.0) for 1 h at 48C with constant rotation. For testicular protein recovery, rat testis were sonicated using low frequency to disperse tissue in 0.5 M NaCl and 20 mM Tris buffer and cells were washed twice (18 000 3 g, 15 min, 48C). Pellets were resuspended in lysis buffer and incubated for 1 h at 48C with constant rotation. Proteins from testicular tissue were also extracted from adult Swiss mice (;8 to 10 wk old) using the protocol described above. Following sperm recovery, rat epididymal tissue were macerated and then boiled for 5 min with a buffer consisting of 2% (w/v) SDS, 185 mM Tris, and protease inhibitors (pH 6.8). For ADAM7 blots, proteins from rat sperm cells were extracted similarly as described for epididymal tissue. Supernatants containing sperm, testicular, or epididymal proteins were recovered after centrifugation (18 000 3 g, 15 min, 48C), and protein quantification was performed using the bicinchoninic method.
Protein samples were treated with the endoglycosidase PNGase F prior to immunoblotting. Briefly, a denaturing buffer was added to samples (12-40 lg of total protein) resulting in a final concentration of 0.5% (w/v) SDS and 50 mM DTT or 1% (v/v) 2-mercaptoethanol, and the proteins were boiled for 10 min. Samples were then supplemented with 50 mM sodium phosphate, 1% (v/v) NP-40, 1 mM ethylenediaminetetraacetic acid, and 385-770 U/ml PNGase F and incubated overnight at 378C with constant agitation. Control samples were not supplemented with PNGase F.
After deglycosylation, proteins were precipitated using methanol and chloroform, resuspended in SDS-PAGE sample buffer, separated by SDS-PAGE, and then transferred onto nitrocellulose membrane Watman Optitran BA-S 85 (GE Healthcare). Membranes were blocked with Tris-buffered saline with Tween-20 (TBS-T)-0.02 M Tris, 0.15 M NaCl, and 0.1% (v/v) Tween-20 (pH 7.6)-containing 5% (w/v) skim milk for 1 h at room temperature (Basigin and TEX101) or overnight at 48C (ADAM7). The blots were then incubated overnight at 48C with goat polyclonal antibody raised against TEX101 (S-13) (1:500 dilution; Santa Cruz Biotechnology Inc.), Basigin (G-19) (1:1000 dilution; Santa Cruz Biotechnology Inc.), or for 6 h with ADAM7 antibody (M-20) (1:200 dilution; Santa Cruz Biotechnology Inc.) in 5% (w/v) skim milk TBS-T. As a control, a blocking peptide specific to anti-ADAM7 (1:100 dilution; Santa Cruz Biotechnology Inc.), anti-TEX101 (1:250 dilution; Santa Cruz Biotechnology Inc.), and anti-Basigin (1:500 dilution; Santa Cruz Biotechnology Inc.) antibodies were used. The peptides were pre-incubated with primary antibody for 5 min before being added to the membrane. Membranes were washed three times for 5 min with TBS-T and then incubated for 1 h at room temperature with rabbit anti-goat immunoglobulin G (IgG) horseradish peroxidase conjugate (Santa Cruz Biotechnology Inc.) at a concentration of 1:1000 in 5% (w/v) skim milk TBS-T. After three washes as described above, immune-reacted proteins were detected using an enhanced chemiluminescence kit (Amersham International) according to the manufacturer's instructions.
Immunocytochemistry
Intact sperm cells from testis and different regions of the epididymis (caput, corpus and cauda) were fixed in 4% (w/v) formaldehyde for 10 min at room temperature. Cells were washed three times in PBS containing 0. VILLAVERDE ET AL. 
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488 donkey anti-goat IgG (Life Technologies) in a 1:100 dilution with PBS containing 1% (w/v) BSA. After incubation, the coverslips were washed and mounted with Mowiol medium. Cells were evaluated using phase contrast and epifluorescence microscopy. As a control, a blocking peptide specific to antiBasigin (1:25 dilution) was incubated for 5 min before addition of primary antibodies to the cells.
RESULTS
N-Linked Sialylated Glycoproteins Identified by LC-MS/MS
The protocol used in the present study is based upon the use of TiO 2 and PNGase F to selectively enrich for N-linked sialylated glycopeptides. Following treatment with alkaline phosphatase, samples were incubated with TiO 2 to enrich for negatively charged compounds, including Sia residues. Addition of PNGase F to washed beads then cleaves N-linked glycans (between the innermost GlcNAc and Asparagine residue), releasing the peptide backbone and promoting a mass increase of 0.98 Da due to Asparagine deamidation. Following this protocol, we initially identified a total of 270 nonredundant peptides. Despite the fact that PNGase F was used to elute the peptides, the analysis of each peptide sequence revealed that 136 (50.4%) of them had no N-linked consensus sequence (NXS/T) and as such were immediately discarded. Manual inspection of the MS/MS data from the tryptic peptides containing a consensus sequence plus a deamidation event revealed three possible outcomes. First, those peptides with unambiguous Asparagine deamidation within the consensus site were taken as potentially glycosylated. Second, peptides with a known deamidation event, which could not be clearly annotated with the MS/MS spectra (ambiguous) due to the lack of an Asparagine y-or b-ion, were also reported as glycosylated. These peptides are clearly marked (asterisk) in Table 1 because some of them may be false positives. Third, peptides in which the MS/MS data revealed deamidated residues not within the N-glycan consensus sequence were excluded. Table 1 lists the 92 unique glycopeptides from 63 different proteins that met these criteria.
The MS/MS spectrum from all peptides shown in Table 1 can be found in Supplemental Figure S1 (Supplemental Data are available online at www.biolreprod.org). Additional MS technical information regarding the sialylated N-glycopeptides identified, including m/z values obtained in MS analysis (measured) or calculated based on the known peptide sequence and peptide charge and retention times, are presented in Supplemental Table S1 .
Lectin Affinity Chromatography
Previous studies have shown that lectins can have some affinity for Sia. For example, WGA and SNA have both been shown to have some specificity for Sia [1] . However, it does need to be recognized that these lectins can also bind other sugar groups. For example, WGA also has specificity toward GlcNAc [1] . Nevertheless, to compare the specificity of these lectins and to see if they could enrich for similar proteins as observed for the TiO 2 protocol, rat sperm cell lysates were incubated with both lectins and, after elution, binding proteins were identified by tandem MS. Only ;10% of the proteins found in the TiO 2 study were also found with lectin binding. Several nonspecific (nonglycosylated) proteins were also found to bind lectins, including large families of histones. Those proteins identified by both TiO 2 and either SNA or WGA are labeled in Table 1 . Given that we had both a glycan consensus site (NXS/T) and elution from TiO 2 using PNGase F, we decided to continue further looking at the TiO 2 -enriched peptides. VILLAVERDE ET AL.
Label-Free Quantification and Gene Ontology of the NLinked Sialylated Glycoproteins
Using MS-based label-free quantification as previously described for the sperm phosphoproteome [38, 39] , the TiO 2 -enriched sialylated N-glycopeptides identified by MS/MS in rat epididymal spermatozoa were compared among the different regions of the epididymis (caput vs. corpus vs. cauda). As a result, 52.2% (48/92) of the peptides, identified on 37 sialoglycoproteins, underwent changes in their amount as the sperm cells transited through the epididymis ( Table 1) . The sialoglycoproteins regulated during epididymal maturation were then categorized according to their molecular function and biological process properties using Gene Ontology (http:// www.geneontology.org; see [40] ). Results are shown as a pie chart in Figure 1 . Only proteins with available annotation were considered. Regarding molecular function, a high percentage of the sialylated glycoproteins had catalytic (40%), binding (23.3%), or receptor (16.7%) activities. Nevertheless, these proteins showed some diversity in their biological function with metabolic process (19.8%), cellular process (12.3%), developmental process (11.1%), and reproduction (9.9%) accounting for a little over half.
Enzymatic Deglycosylation of the N-Linked Sialoglycoproteins Identified
To substantiate the findings from the LC-MS/MS analysis, three of the glycoproteins identified in the current study were chosen for further study using PNGase F deglycosylation. One protein for each of the following cases was selected: protein known to be 1) processed within sperm cells (Basigin, also called CE9 in the rat) [40] , 2) incorporated into spermatozoa (ADAM7, also called EAP I) [41] , or 3) released from spermatozoa (TEX101; information based on mouse sperm study) [42] during epididymal transit.
Decrease in Basigin Mass Following PNGase F Treatment
The predicted polypeptide sequence of Basigin in rats reveals the presence of three potential N-glycosylation sites within the Ig-like domains (N160 at the C2-like Ig domain and N269 and N305 at the V-type Ig domain). Of interest, all three potential glycosylation sites were identified by our MS/MS analysis, suggesting the presence of Sia-containing glycans in all sites (Table 1 ). The tryptic peptide containing the glycosylation site N160, belonging to the C2-like Ig domain, was found only in caput samples whereas the N269 site, from the V-type Ig domain, was equally present in all epididymal regions (Table 1 ). Immunoblotting analysis of Basigin indicates that this protein undergoes proteolytic cleavage within the caput region ( Fig. 2A) . Taken together, immunoblotting and MS analyses strongly suggest that the Ig-like C2-type domain is lost at the initial segments of the epididymis. This proteolytic processing of Basigin is known to coincide with a progressive shift in the location of this protein from the posterior to the anterior tail region of rat sperm [40] . Our data confirm this. The final location of Basigin is shown in Figure 3 . Despite the epididymal processing of Basigin, deglycosylation with PNGase F demonstrated that N-glycans are always present in Basigin, regardless of the epididymal region ( Fig. 2A) . This fact corroborates with our finding that the glycosylation site N269 was constant among the different regions of the epididymis.
Decrease in ADAM7 Mass Following PNGase F Treatment
To achieve successful deglycosylation of ADAM7, proteins extracted in 2% (w/v) SDS buffer were submitted to an overnight incubation with high concentrations of PNGase F (770 U/ml). Because ADAM7 is produced in the epididymides, we also subjected epididymal tissue homogenates to PNGase F treatment before probing with anti-ADAM7 antibody. Using antibodies raised against ADAM7, we found three crossreacting bands present at 110, 85, and 42 kDa within rat caudal epididymal spermatozoa (Fig. 4A, lanes 1 and 2) . As a comparison, ADAM7 from epididymal epithelial cells is shown
Western blot analysis of rat testicular (testis) and epididymal sperm (caput, corpus, and cauda) proteins extracted with CHAPS lysis buffer. A) Proteins (10 lg/lane) treated (þ) or nontreated (À) with PNGase F (385 U/ml, overnight) were probed with anti-Basigin. B) Anti-Basigin antibody was incubated with the vehicle control (left-hand side) or blocking peptide (right-hand side) for 5 min before being added to the membrane. To demonstrate equal amounts of protein, the membranes were stripped and reprobed for anti-antibody. (Fig. 4A, lanes 3 and 4) . Due to low amounts of ADAM7 in sperm cells, prolonged exposure of the immunoblot was necessary in order to visualize this protein (Fig. 4A ). Nevertheless, it was possible to note that enzymatic deglycosylation of ADAM7 from both cauda sperm and epididymal tissue resulted in the reduction of its molecular weight (MW) (from 110 kDa to 97 kDa), confirming the presence of N-linked glycans. To demonstrate the specificity of the antibody, anti-ADAM7 was preincubated with either the vehicle or the blocking peptide before probing caudal-derived sperm cell lysates (Fig. 4B) . As shown, no signal was obtained in the presence of the blocking peptide, suggesting that the antibody was specific to ADAM7.
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No Change in Mass of Rat Epididymal TEX101 Following PNGase F Treatment
Although the majority of the TEX101 protein in mouse sperm is known to be released during epididymal transit [42] , we observed that rat samples from cauda sperm still show high amounts of this protein (Fig. 5A) , demonstrating a difference between mouse and rat sperm maturation. Interestingly, despite the fact that tryptic peptides from TEX101 were successfully deglycosylated by PNGase F (Table 1) , this enzyme was unable to promote deglycosylation of the nondigested TEX101 extracted from epididymal sperm (Fig. 5A) . In contrast, when TEX101 from rat testis homogenates was submitted to deglycosylation with PNGase F, a shift in mass from ;48 to ;42 kDa was observed (Fig. 5A) . Notably, this was the same MW found for TEX101 in all epididymal sperm samples, regardless of PNGase F treatment. Considering that the predicted size of the polypeptide backbone of TEX101 is around 24 kDa (nonglycosylated), an incomplete enzymatic digestion of testis samples is a likely explanation. Surprisingly, this resistance to PNGase F seems to be species dependent. When the same deglycosylation conditions were applied to mouse testicular tissue homogenates, we obtained a reduction of TEX101 mass to values close to its predicted amino acid sequence size (24 kDa; Fig. 5B ).
To investigate whether the resistance to PNGase F was an artifact of the protocol, we tested alterations in the deglycosylation protocol such as the use of different detergents (Triton X-100 or NP-40) and denaturing conditions (DTT or 2-mercaptoethanol) as well as high enzyme concentrations (385-770 U/ml) and long incubation periods (up to 68 h). However, no change in the mass of TEX101 from rat epididymal sperm was observed under any of the conditions tested here (data not shown). Preincubation of TEX-101 with either the vehicle (Fig.  5C ) or the blocking peptide before probing caudal-derived sperm cell lysates demonstrated the antibody's specificity.
Immunolocalization of TEX101 in Rat Sperm
Considering that TEX101 from testicular homogenates showed higher MW compared to epididymal spermatozoa, immunofluorescence studies were performed to investigate whether this was related to changes in protein localization. Regardless of the cell type, immunoreactivity for TEX101 was observed in all sperm tail, with the midpiece region showing stronger staining (Fig. 6, a-d) . The highest immunoreactivity to TEX101 was noted in the cytoplasmic droplet (Fig. 6, a and c) . Although the sperm head from all samples were positively stained for TEX101 (Fig. 6, a-d) , testicular sperm showed a more uniform immunoreactive distribution over the entire head (Fig. 6a) , whereas some variations in the staining pattern were observed for the epididymal spermatozoa. As spermatozoa passed from the caput to the cauda epididymis, TEX101 staining showed a tendency to concentrate in the ventral portion of the sperm heads. As a result, a strong immunoreactive line could be seen in the caput (12%) and especially in the corpus (71%) and cauda (82%) cells (Fig. 6, b-d) . Nevertheless, immunostaining of the postacrosomal region was still observed in some cells (Fig. 6d ). Controls incubated with blocking peptide showed no signal (Fig. 6, i-l) .
DISCUSSION
In order to acquire fertilizing capacity, spermatozoa undergo modifications during epididymal transit that include changes in protein glycosylation [18] [19] [20] [21] 43] . With this in mind, LC-MS/ MS analysis in combination with TiO 2 enrichment was successfully used in the present study to investigate the sialylated N-glycoproteome dynamics of rat spermatozoa during epididymal maturation. This approach allowed the identification of 92 unique formerly N-linked glycopeptides potentially containing terminal Sia, with around half of them being regulated during maturation. Although the protocol used in this study enriched for Nglycopeptides, only 34.1% (92/270) of the peptides identified by MS/MS could be annotated as potential sialylated Nglycopeptides. Enrichment using TiO 2 is based on the presence of negative charges on the peptide structure. Therefore, to avoid copurification of peptides containing phosphate groups and acidic amino acids, peptides were treated with alkaline phosphatase and then submitted to highly acid conditions during the binding step. Although the later should render Aspartic and Glutamic acids free of charge, peptides containing these residues and no indication of N-linked sugars (no consensus sequence and a deamidation event) were observed. Elution of these peptides may be a consequence of the pH adjustment (pH ;7.0) necessary for optimal PNGase F treatment. Indeed, others have shown several different conformations of Glutamic acid in particular absorb on the TiO 2 surface as the pH is adjusted from acidic to neutral [44] . The presence of contaminants (23.3%) has also been reported by Palmisano et al. [35] when using similar enrichment protocol. Moreover, the proportion of contaminants seems to be related to the cell type. Of particular interest, in trials performed with liver samples, we observed lower percentage of nonglycosylated peptides when compared to the sperm samples (data not shown).
FIG. 5.
Rat testicular tissue and epididymal sperm (caput, corpus, and cauda; A) and mouse testicular tissue (B) were submitted to immunoblot analysis. Proteins were extracted using CHAPS lysis buffer and then treated (þ) or nontreated (À) overnight with PNGase F (160 U/ml for mouse samples and 385 U/ ml for rat samples). Proteins (10 lg/lane) were separated by SDS-PAGE and probed with the anti-TEX101 antibody. C) Anti-TEX101 antibody was incubated with the vehicle control (left-hand side) or blocking peptide (right-hand side) for 5 min before being added to the membrane. To demonstrate equal amounts of protein, the membranes were stripped and reprobed for anti-a-tubulin. 
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Several of these glycoproteins are known to be involved in sperm migration into the female tract as well as in sperm-egg interaction. For instance, five members of the disintegrin and metalloprotease domain-containing protein (ADAM) family (ADAM1, ADAM2, ADAM5, ADAM7, and ADAM18) were found. These proteins contained one to three N-glycosylation sites, and at least one glycopeptide from each one of them was shown to be regulated during epididymal transit (Table 1) . 
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Combining the information obtained herein with those already published for rats and mice, we established a model (Fig. 7) for the processing of some ADAM members during the epididymal maturation of rat sperm. In the case of ADAM7, previous studies have demonstrated that this protein is synthesized in the epididymis [41, 45, 46] and then transferred to spermatozoa by epididymosomes [47] . Indeed, in the present study, two Nglycosylation sites (N84 and N167), belonging to the prodomain region, increased as sperm passed through the epididymis. In addition, using enzymatic deglycosylation, we confirmed the presence of glycan structures within rat ADAM7. These results are consistent with the fact that ADAM7 can be labeled with WGA [20] and is not proteolytically cleaved during sperm maturation [41, 48] .
Unlike ADAM7, other members of the family are processed in the epididymis, losing their pro-and metalloprotease domains. According to our data, ADAM2 contains one Nglycan moiety in each of these domains (Table 1 and Fig. 7) . The peptides containing these glycan structures decreased in a temporal fashion, first, the one embedded in the prodomain (N128) and then the one within the metalloprotease domain (N359) during maturation (see Fig. 7 ), which likely corresponds to a step-by-step processing of ADAM2 as described in other species [49, 50] .
In the current study, three members of the ADAM family (ADAM2, ADAM5, and ADAM18) exhibited one Siacontaining N-glycan (N491, N515, and N340, respectively) located at the Cysteine-rich domain. Notably, the level of the glycopeptides containing these glycan moieties decreased during sperm maturation (Table 1 and Fig. 7 ). This reduction could be due to oligosaccharide processing as well as shedding of the proteins ADAM2 and/or ADAM18. In the case of ADAM5, because another glycopeptide had no change during maturation, a modification in the glycan moiety (N515) is the more likely explanation. Despite the importance of the ADAM family members, there is no information regarding the function of their Cysteine-rich domain, which we now have shown to be glycosylated and regulated during epididymal transit. Studies using other ADAM members have indicated a potential role in complementing and/or regulating the binding ability of the disintegrin domain [51] [52] [53] . Furthermore, alone or together with the disintegrin domain, the Cysteine-rich domain has shown to act as a ligand for the cell-adhesion molecules Syndecans [54] [55] [56] , to promote cell adhesion via b1 integrin and to interact with extracellular matrix proteins such as fibronectin [52] . Although not clear from our results, modifications on the glycosylation of the Cysteine-rich domain within these ADAMs may be essential to render sperm cells capable of reaching and fertilizing the oocyte, which would make them potential contraceptive targets.
Previous reports have indicated that TEX101from mouse and bovine sperm are heavily N-glycosylated [57, 58] . In our study, two N-linked sites containing sialylated N-glycans (N45 and N134) were observed within TEX101 from rat epididymal FIG. 7 . A model depicting ADAM family processing during epididymal maturation. The model demonstrates changes that occur within ADAM isoforms and is based on the current and literature studies for both rat and mice.
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sperm. Yet, despite these observations, pretreatment of TEX101 with PNGase F showed no reduction in its MW under several conditions tested. Notably, we achieved complete deglycosylation of TEX101 from mouse testis homogenates and other rat sperm proteins (e.g., Basigin and ADAM7) and partial deglycosylation of TEX101 from rat testicular samples using the same experimental conditions. Although PNGase F is highly efficient at cleaving all Nglycan types, the presence of an a-1,3-fucose at the innermost GlcNAc attached to the Asparagine residue is known to abrogate the action of this enzyme [59, 60] . Nevertheless, core a-1,3-fucose structures have only been reported in plants and some invertebrates [61, 62] , suggesting this would be an unlikely mechanism. Interestingly, there is evidence to suggest that some glycoproteins containing carboxylated N-glycans from bovine lung are also PNGase F resistant [63] . As such, resistance to PNGase F could play an essential role at protecting important sperm glycoproteins from the action of glycosidases during epididymal maturation [13, 64] . Indeed, in the case of TEX101, a gene deletion study has proven the importance of this protein for the production of fertile mouse sperm [65] .
The results from this work confirm the existence of a maturation-related remodeling of the N-linked sialome in rat spermatozoa and emphasize the importance of MS-based approaches in the study of sperm biology. Among the proteins identified here, several are known to be involved in the fertilizing ability of spermatozoa such as members of the ADAM family. Studies using point mutation of the regulated N-glycans would help to understand the role of these oligosaccharides in sperm function. In addition, the existence of strategies to protect specific oligosaccharide moieties in sperm cells, as observed for bovine lung, needs further investigation. Importantly, the study of such structures may reveal essential epitopes in spermatozoa that could be used in the development of contraceptive methods.
